This paper considers the problem of local reliable control for continuous-time linear systems with saturating actuators and disturbance. The local stability and the performance of the designed closed-loop system is guaranteed not only when all control components are o p erational, but also in case of actuator outages in the preselected subset of act.uators. Linear matrix inequality (LMI) method and iterative LMI (ILMI) method are proposed to design statefeedback controllers. The effectiveness of our methods is shown by an example.
Introduction
Reliable control is concerned with the design of a closedloop system to maintain key properties such as stability and other performances during sensor or actuator failure. In recent years, considerable attention has been paid to the design problems of reliable linear control systems, and a number of 151 discussed the analysis and design method for linear systems subject t,o both actuator saturation and disturbance. However, to our knowledge, there is no results addressing the reliable control for linear systems with saturating actuators. This paper considers the local reliable control problems for linear systems with saturating actuators. No assumption on the open-loop system stability is made in our study. As in 191, the saturation function considered in this paper is a general one. The problem is to find simultaneously a statefeedback control law and an associated domain of safe admissible initial states such that the local stability of the designed closed-loop system is guaranteed not only when all control components are operational, but also in case of actuators outages in the preselected subset of actuators. A technique similar to that in [SI is used. By investigating the properties of the saturation functions, a linear matrix inequality (LMI) method is presented t o solve this problem. An optimal local reliable control problems is also studied. The objective of this problem is to obtain a larger stability region. Moreover, the local reliable H, control problem is studied when there is bounded disturbance. The controller can be obtained by solving two matrix inequalities. This paper is organized as follows. Section 2 provides the problem statements. The local reliable control p r o b lem and the optimal local reliable control problem are studied in Section 3 and Section 4, respectively. In Section 5, the local reliable H , control problem is discussed. An example is given in Section 6 to illustrate our methods. Section 7 concludes the paper.
Problem Statements
The following notations are used in this paper. For a real symmetric matrix A t , A t > (>)O means that M is positive (semi-)definite, Ami, (A4) and A, , , ( A t ) denote the minimal and maximal eigenvalues of M , respectively. If not explicitly stated, I and 0 denote the identity matrix and the zero matrix of appropriate dimensions, respectively. Besides, all matrices are assumed to have compatible dimensions.
Consider the following linear system with saturating actuators
where Suppose that a state-feedback control to be designed That is,
The matrix B is decomposed as
In this paper, we make no assumption on the stability of A and consider the following local reliable control (P3) the &gain of the closed-loop system is less than y, that is, for each input w(.) E Lz[O, 00) with wTw 5 1, the response z(.)of the closed-loop system from the initial state z(0) = 0 is such that
Local Reliable Control
In this section, we consider the local reliable control problem'(LRCP). The following lemma is similar with Lemma 1 in [6] and the proof is omitted here.
Lemma 1 saturntion function in (l) , then for any 21 
The following theorem gives a solution of LRCP. Proof. Denote then the condition (5) becomes
and the controller (6) becomes
Since actuator outages may occur in R, the closed-loop system can be expressed as Because of (11) and ( Since E is diagonal, we have
The proof is completed. Hence, for any bounded subset 00 C R", we can choose
E sufficiently small such that U0 c Vag, the proof is Algorithm ILMI:
Step 1 Choose PO E Wnxn > 0, Xo E W > 0 and a tolerance completed.
r l E W > O .
Step 2 Compute rpcx = diag I --. . -fiZrXB:, P;'B,r en,,
Optimal Local Reliable Control
Step 3 Solve LMI problem
In this section, we consider the optimal local reliable control problem (OLRCP). maxX subject to (5) subject to (9).
Since P, E satisfy (9) if and only if for any a > 0, P = aP, E = :E also satisfy (9) , and without loss of generality, we can assume X; , ( Er F1) = 1. Now OLRCP is tu maximize
subject to (9) and
If the problem to maximize the largest ball that contained in VO is considered, then we should minimize Xm,,(P) and the following result can be obtained. Proof. If we denote P = P-', then (9) and (15) become (
5) and (17). To minimize X,,,(P)
is equivalent to maximize X that satisfies (16). Since 'DO = {z E W" : xTP-'x 5 1 , the largest ball U , ,
can be obtained by (18). The proof is completed.
The MI problem in Theorem 2 is not pn LMI problem because rp-l in (17) is not linear in P . So we suggest using the following iterative LMI (ILMI) algorithm to design the controller.
} to obtain P .
Step 4 If
Step 5 Let Pi= P , x0 = A , go to Step 2.
Step G Obtain the controller and the largest ball by (6) and < 7, go to Step G , else go to Step 5. Remark 3 Since P 2 Po implies rP-, 2 rPcl, (19) and (20) 
Local Reliable H , Control
In this section, we consider the local reliable H , control problem (LRHCP). The following theorem gives a solution of the problem. The proof is completed. 
Example
Consider the system in (1) and ( 
Conclusion
Local reliable control for continuous-time linear systems with saturating actuators were studied in this paper.
The state-feedback control law and estimated stability region of the closed-loop system can be obtained simultaneously by solving an LMI problem. An iterative LMI method is given to design state feedback controllers such that the stability region of the closed-loop system is enlarged. The local reliable H, control problem is also studied and it is related with the solution of two matrix inequalities. lt should be noted that the number of LhfIs (MIS) will not increase when the dimension of the system increases, which is different from the results in [2] , 131 and [5] . Thus our method is likely to be more useful to high dimensional systems. Further research works will be focused on the optimal local reliable H , control problems for linear systems with saturating actuators.
